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BO3MOXHOCTHU
CNYTHUKOBOW
cnektpodoTo-
MeTPU4YeCKOMN OLLeHKM
06beMOB SMUCCUMN
MaJibiX ra3sos

B aTmMocdepy

npu COKUraHum
yrneBoAoOpoOAHOro rasa
B pakenax

®.T.A2aes, 1. X. Acados
HauuoHabHoe a3poKocmuseckoe a2eHmcmao,
2. Baky, Asepbaiidskanckas Pecnybauka

CTaTbs nocssieHa Bonpocam
yCOBEpLUEHCTBOBAHUSA paspaboTaHHbIX

paHee MeTOA0B CNYTHUKOBOIO
cnekTpopoTOMETPUYECKOr0 KOHTPONAS 06BbEMOB
oKuraemoro B pakenax yrneBofopoaHbIX
ra3oB NyTeMm OLLeHKU U peructpauum
yBennyeHus coaepxaHusa B atmocpepe
Manbix ra3oB. MpeasioxeH HOBbIA cNOCo6
onpepeneHnsi 06bLeMoB SMUTUPYEMbIX

B aTmocdepy rasos NO, n SO, npu cXmraHuu
nonyTHOro yri1esoA0poAHoro rasa. Ans
peanusaunm npeasoXXeHHOro cnocoba

MoXeT 6bITb UCNosb3oBaH 6opToBoi UK
cnekTpopaauometp VIIRS n 6optoBoin
cnekTpopaanomeTp Tuna OMI namn

Apyrue aHanorndHole npuébopsl. Nepepg
BblYUC/IEHUEM KOHLLEHTPaL U IMUTUPYEMbIX
B aTMocdepy rasos NO, u SO, onpepensior
MCTOYHUK UX NMOSIBJEHUSA: OTHOCATCS N
pe3yabTaTbl CNeKTpopoTOMeTpUYECKUX
M3MepeHUI UCKIIOUYUTENbHO K pakeny
CXMraHus nonyTHOro yr/iesoA0poAHOro

rasa uau K pa6oTe AusesibHbIX ABUraTenemn.
Ucnonb3ysa KpuTepuil 4eTeKTUPpOBaHUS B BUAe
OTHOLIEHUS UCXOAHO BbIYUC/IEHHbIX 3HAYEHU N
o6bemoB NO, 1 SO,, onpeaensitoT UCTOYHUK
3Muccuu. Mo npusHakam NpUHaANEXHOCTU
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On the Possibility

of Satellite
Spectrophotometric
Estimation of the
Volume of the Trace
Gase Emission Into the
Atmosphere During
the Hydrocarbon Gas
Flaring
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The article is devoted to the improvement

of previously developed methods of satellite
spectrophotometric control of volumes of
hydrocarbon gases burned in flares by assessing
and registering an increase in the content of
trace gases in the atmosphere. A new method
for determining the volumes of gases NO, and
SO, emitted into the atmosphere during the
combustion of associated hydrocarbon gas is
proposed. To implement the proposed method,
an on-board IR spectroradiometer VIIRS and an
on-board spectroradiometer of the OMI type
or other similar devices can be used. Before
calculating the concentrations of gases NO,
and SO, emitted into the atmosphere, the
source of their occurrence is to be determined:
whether the results of spectrophotometric
measurements relate exclusively to the

flaring of the associated hydrocarbon gas or

to the operation of diesel engines. Using the
detection criterion in the form of the ratio of
the initially calculated values of the volumes
NO, and SO,, the source of the emission is
determined: Based on belong of the sources to
the associated hydrocarbon gas flaring or to the
operation of diesel engines, the measurement
results will contribute to the monitoring of oil
and gas production zones where significant
anomalies in the concentration of trace gases
are observed.
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MCTOYHUKOB K paKkesly COKUraHusa nonyTHOro
yrneBoAoOpPOAHOIo rasa uam k paéorte
An3eNbHbIX ABUraTenemn pesynbraTthbl
M3MepeHUin AaayT BK1aa B MOHUTOPUHT
HedTerasonpomsBoOACTBEHHbIX 30H, rae
Hab6nAaTCA CyLULeCTBEHHbIE AHOMANUN
KOHLUEHTpaLMU ManbiX ra3os.

KnioyeBble cnoBa: rasobiv daken,
CNeKTpopaanOMETp, CNYTHMUKOBLIA KOHTPO/Ib,
Masible rasbl, atMmocdepa

CTaTbst noCTynMAa B pegaxkumio: 19.04.2022
CTaTba NpuHATa K ny6amkaumm: 13.06.2022

OpOILIO M3BeCTHO, 4YTO CcOrjacHo Ilapuxk-

CKOMY COIVIAIIeHUIO JJi YMeHbIIeHHUs 3MHUC-

CUH yIiepofa B aTMocdepy, HOJKHBI OBITH
IPUHSATBHL Mepbl 10 CTPOrOMY KOHTPOJIIO Haj 06b-
eMaMM CKuraemoro B dakenax YIJIeBOAOPOAHOIO
rasa [1,2]. CormacHo [3], TakoM KOHTPOJIb MOSKET
OBITH OCYyIIeCTBJIeH IIyTeM OPraHM3aLMU He3aBH-
CHMBIX HM3MepeHHN KOHLIeHTPALlMU B aTMmocdepe
MaJIBIX Ta30B, SMUTHUPYeMBIX IPHU CKUTAHHUH yIJie-
BOJOPOJHOrO IPHPOAHOrO rasa. M3MepeHHS KOH-
LeHTPallMH TaKKX MaJ/IbIX ra3oB, Kak NO,, SO, u 1p.,
B aTMocdepe B HACTOsIIEe BpeMs OCYLIeCTBIISIOTCS
KaK CIYTHUKOBBIMHU [4, 5], TaK U Ha3eMHBIMH
cpencTBamu [6].

AKTYaJIbHOCTb H3y4YeHUsS COHep>KaHHUS YyKa-
3aHHBIX MaJbIX Tra30B B aTMocdepe 3aKjImooya-
eTcs B ToM, 4To NO, u SO, ABIAIOTCS OCHOBHBIMHU
PeaKTUBHBIMH MaJbIMH Ta3aMHK, a TaKXKe OCHOB-
HBIMHM HCTOYHHKAMH BO3SHHUKHOBEHHSI BTOPUYHBIX
asposonenn u TpomnochepHoro o3oHa [7]. CormacHo
pesyibTaTaM IIPOBeAEeHHBIX 3KCIIePUMEHTabHBIX
HUCCIeJOBAHUU, B HepTerasonpoHU3BOACTBEHHBIX
30Hax HabnIo[alTCS CyoiecTBeHHble aHOMAJIUHU
KOHIIeHTPAallUM YKa3aHHBIX MajlblX ra3oB [8]. Kak
oTMmedaeTcs B pabore [7], B mpuHnumne NO, u SO,
3SMUTHPYIOTCSA KaK IIPHU CKUTAHHWM IIOIYTHOIO yIJIe-
BOJOPONHOIrO rasa, Tak U Ipu paboTe IH3eIBHBIX
nBuratesnei. ColepskaHHe Cepbl B 9THUX ABYX HCTOY-
HHUKaX CyLOleCTBeHHO pasnuyaercd. [losToMmy A1
[IPaBHUJIBHOTO [eTeKTHPOBAHUS HMCTOYHUKOB HCCIIe-
JyeMBIX T'a30B MCIOIB3YIOT KPUTEPUH B BHIEe OTHO-
meHUsT 06beMOB sMUTHPyeMbIX NO, u SO,, T.e.
NO,/SO0,.

=
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t is well known that according to the Paris

Agreement, in order to reduce carbon emissions

into the atmosphere, measures should be taken
to strictly control the volumes of hydrocarbon gas
flared [1,2]. According to [3], such control can be
carried out by organizing independent measurements
of the concentrations in the atmosphere of trace
gases emitted during the combustion of hydrocarbon
natural gas. Measurements of the concentration of
such trace gases as NO,, SO,, etc., in the atmosphere
are currently carried out by both satellite [4, 5] and
ground-based means [6].

The relevance of studying the content of these
trace gases in the atmosphere lies in the fact that
NO, and SO, are the main reactive trace gases, as
well as the main sources of secondary aerosols and
tropospheric ozone [7]. According to the results of
the experimental studies, significant anomalies in
the concentration of these trace gases are observed
in oil and gas production zones [8]. As noted in [7],
basically, NO, and SO, are emitted both during
the combustion of associated hydrocarbon gas, and
during the operation of diesel engines. The sulfur
content in these two sources differs significantly.
Therefore, for the correct detection of the sources of
the studied gases, a criterion is used in the form of
the ratio of the volumes of emitted NO, and SO,, i.e.
NO,/SO0,.

The measurement results were obtained using
a VIIRS (Visible Infrared Imaging Radiometer Suite)
scanning radiometer manufactured by Raytheon
Company, operating in the visible and infrared
ranges, and an on-board OMI (Ozone Monitoring
Instrument) spectrometer. VIIRS is designed to mon-
itor and study the changes in vegetation properties,
land use, hydrological cycle and energy balance
of the Earth and is installed on Suomi NPP and
NOAA-206 satellites. The OMI onboard spectrom-
eter is a wide-field scanning device operating in the
range of 264-504 nm, installed on the Aura satellite
(NASA).

The authors of this article consider the possibil-
ity of determining the volumes of SO, and NO,
emissions into the atmosphere by comparing the
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Pe3ynbpTaThl M3MepeHUI ObLIH
IIOIy4eHbl C IIOMOIIBIO CKaHHPY-
fomero paauomMerpa VIIRS (Visible
Infrared Imaging Radiometer
Suite) mnpousBomcTBa Raytheon
Company, paboTaromiero B BHUIU-
MoM U HMK-mumamaszoHax, U 60pT0-
Boro crekrpomerpa OMI (Ozone
Monitoring Instrument). VIIRS
npegHa3HadYeH [MJIsI MOHHTO-
PHUHTa M HCCIeJOBAaHHUS H3MeHe-
HUM B CBOMCTBaX PACTUTENBHOCTH,
3eMJIeNOoNb30BaHUS, THAPOIOTH-
YecKoro LMKIa U 3HeprobanaHca
3eM/IM U YCTaHOBJIeH Ha CIYTHH-
Kax Suomi NPP u NOAA-20. Bop-
TOBOI crieKTpoMeTp OMI sBrsieTcs
I POKOOO30PHBIM CKAHHPYIOIIUM
npubopomM, paboraromuM B AHa-
rnasoHe 264-504 HM, yCTaHOBJIeH
Ha cryTHHKe Aura (NASA).

ABTOpPaMH HaCTOSIIIeH CTaTbU
paccMaTpUBaeTCs BO3MOKHOCTD

omnpefneneHus: 06beMoB sMuccuu SO, u NO, B aTMOC-
depy ImyTem COIIOCTaBJIeHHUS Pe3yJIbTAaTOB BBIUHCIIE-
HUH 06beMa IOIYTHOIO ras3a, C’KUraemoro B gpakenax,
BBIIIO/IHEHHBIX PAa3THYHBIMH MeTogaMHU. B pabote [7]
6BLIO TTOKa3aHO, YTO 3HAUEHHS 00BeMOB C’KHTaeMOro

rasa, BBIUYMC/JIEHHBIE Ha OCHOBE
pe3y/ibTaToB, IIOAy4YeHHBIX CIIeK-
TpopaguoMeTrpom VIIRS, a Tarkke
OAaHHBIX SMHUcCHE SO, ¥ NO,, 11ony-
YeHHBIX CO CIekTpomeTpa OMI,
MMEIOT HeIlJIOX0e COBIIaZleHHe.

Ha puc. 1 cuHAa H KpacHasd
HelpepblBHbBIE JIMHUH, COeIH-
HSION[Ke pe3ylabTaTel Habmome-
HUHM c 2004 mo 2018 rogpl, COOT-
BETCTBYIOT obbreMaM smuccuu SO,
1 NO, B aTtmocdepy B 3TH TOLEBL.
3e/ieHas IYHKTUPHAsL JIMHUSA COOT-
BETCTBYeT PafiHallMOHHOMY TeIlly,
3aQUKCUPOBAHHOMY C IIOMOLIBIO
YCTAHOBJIEHHOIO Ha CIYTHHKe
VIIRS, CMHSAS IYHKTUPHAas TUHUSA —
HeKOPPEeKTHPOBAHHBIM [JaHHBIM,
Kacaromumcs obremoB NO,. [laH-
Heie VIIRS yKasaHbl HauyHWHaAA
€ 2012 roma [7].

B Te ke rofpl M3MEeHUIUCh 00B-
eMbl IIPOM3BEeJEeHHOro IOIyTHOIO
yIJIeBOJOPOAHOrO ra3a U IIpOH3Be-
IeHHOM HedTHU (pHC. 2).

478 ®OTOHMKA TOM 16 N2 G 2022

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
ONTUYECKME M3MEPEHVS II——
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

50 - T - 1500 - 300
- 250
40 g
1000 200 &
8 - o - 5
Z 30 2 g
= = ]
5 5§ 150 3
9] 5 o]
S 201 5 g
Q) 500 @™ 100 5
5
10 - &
- 50 M

of -0 Lo
L L L L L L L L L L L L L

2005 2008 2011

Toner

2014

Puc. 1. OueHku 200u4Hbix amuccull SO, (kpacHbili) u NO, (cuHuli) 8 MekcukaH-
CKOM 3aAuee Ha 0CHoge 0dHHbIX OMI

Fig. 1. Estimates of annual emissions of SO, (red) and NO, (blue) in the Gulf of
Mexico based on OMI data

results of calculations of the associated gas volume
burned in flares performed by various methods. It
was shown in [7] that the values of the volumes of
the burned gas calculated on the basis of the results
obtained by the VIIRS spectroradiometer, as well as
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Puc. 2. V3meHeHue 065em08 npou38edeHH020 NONYMH020 y2/e6000p00H020 2a3d
(HenpepbigHas Kpueds) u npousgedeHHol Hedmu (NyHKMUPHAs Kpugas!)

Fig. 2. Changes in volumes of produced associated hydrocarbon gas (continuous
curve) and produced oil (dotted curve)
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NMPEANATAEMbIV CNOCOB

PaccMOTpPUM BO3MOYKHOCTb OIIpefe/leHHs] 06beMOB
CKMTaeMoro IOIYTHOIO YIJIeBOLOPOAHOrO rasa
B dakenax c momoipio HK-TernnoBbIX H3MEpeHHH,
ucrons3ysi 6oprosle MK-KaMephl (paZiHOMETPEL),
yCTaHOBJIeHHBIe Ha CIYTHHKax. Kak oTMevaercs
B paborte [7], Ha mepBOM 3Talle CIIyTHHKOBBIX Hab10-
OeHUH (aKenoB rasa Takue paboTsl POBOAMIKCH
C HCIIONIb30BaHUEM CKaHHPYIOLIero paaroMeTrpa
ATSR, ycTaHOBJIeHHOro Ha 60pTy cnyTHHKOB ERS-1;
ERS-2; ENVISAT, a Takke CIOYTHHUKOB IIPOrpaMMBEI
DMPS. B panbpHenlleM IPHUMeHSUICS CIeKTPOpaiu-
omeTp MODIS, a TakkKe HIHPOKOIIOJOCHBIH PaJHO-
meTp VIIRS, ycTaHOB/IeHHBIHM Ha CIYTHHKe JRSS.
B Meromuke m3MmepeHHUH VIIRS y4HTBIBAaeTCS, 4YTO
TeMIlepaTyphl B mpegenax 800-1200 K xapaKkTepHEI
I ropeHus 6uomaccel, a 1700-1800 K - gyis rope-
Hud rasa. I[1o metomuke VIIRS, 06beMBbI CSKUTAeMOTO
rasa (V) omnpenemnsiiuch o popmyie:

V=0,0281 RH, 1

rage: RH - paguanuoHHOE TEIJIOBOe H3JIy4eHHe,
Barrt. IIpu 3TOM V M3MepsieTcst B MIPA. KyOHUecKux
MeTpoB. KoppensauuoHHas 3aBHCHMOCTb Mexnay V
¥ RH mmoxkasaHa Ha puc. 3.

IToxkasarens RH ompegensercs 1o popmyse:

RH=]-SP, @)

rae: D - moxasaTenb HeJIHHEMHOM KOppeKIHUH;
J — IOTOK paJHallMOHHOTO TeIlIa eSUHUIIbI [I0BepX-
HOCTH (] ompenensercsi II0 ypaBHeHHIO CTedaHa-
BonpumMmaHa: J=0€eT%); € - HHTerpajbHas H3/Iyya-
TeJbHas CIOCODHOCTH IIJIAMEHH, 0 — I[IOCTOSIHHAas
Credpana-bonpliMaHa; S - IUIOIIAAb IIOBEPXHOCTHU
I[IJIaAMEeHH.

[Inomans MOBEPXHOCTHU IIJIAMEHH OIpeleseTcs
o popmyie:

_hy
-

roe: h, - MakCMMajbHas BeJIHYHMHA Ha KPHUBOH
[I1aHKa, COOTBETCTBYIOILIEHM CIIEKTPAJIbHON IUIOTHO-
CTH H3/1y4eHHUs IIaMeHHU (Ppakena); hy — MaKCHMab-
Hasi OTMETKa Ha IIKaje [eTeKTopa, KOTopasi COOT-
BETCTBYeT BeJIMYHHe hy; M - IIomans n306paskeHHUs
daxesa Ha UyBCTBHUTE/IBHOM 3JIeMeHTe JIeTeKTopa.

UTo KacaeTcsi TeMIepaTypsl dakena T, TO HCIIONB-
3yetcst opmyna T=b/A,,, The: b - mocTosHHAs cMe-
meHue Buna; b=2897,8 K-MKM; A, ,, —~ IJIMHA BOJIHEI,
COOTBETCTBYyIOLIAasl [JIMHE BOJHBI MaKCHMaJIbHOH
PaJHALMOHHOMN 5MHUCCHH,

S M, (3)

=

the data of SO, and NO, emissions obtained from the
OMI spectrometer, have a good match.

In Fig. 1, the blue and red continuous lines con-
necting the results of observations from 2004 to 2018
correspond to the volumes of SO, and NO, emissions
into the atmosphere in these years. The green dotted
line corresponds to the radiation heat recorded using
the VIIRS installed on the satellite, the blue dotted
line corresponds to the uncorrected data concerning
NO, volumes. VIIRS data are indicated starting from
2012 [7].

In the same years, the volumes of the associated
hydrocarbon gas produced and the oil produced have
changed (Fig.2).

THE PROPOSED METHOD

Let’s consider the possibility of determining the
volumes of the associated hydrocarbon gas burned
in flares through IR thermal measurements using
onboard IR cameras (radiometers) installed on the
satellites. As noted in [7], at the first stage of the
satellite gas flares observations, such work was
carried out using the ATSR scanning radiometer
installed on board the ERS-1; ERS-2; ENVISAT
satellites, as well as the DMPS program satellites. In
the future, the MODIS spectroradiometer was used,
as well as the VIIRS broadband radiometer installed
on the JRSS satellite. The VIIRS measurement method
takes into account that temperatures in the range
of 800-1200 K are specific to biomass burning, and
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Puc. 3. KoppeasiuuoHHAs 3a8Ucumocmb Mexkoy 06vemom
CKU2aemo20 NonymHo20 y2/e8000p00H020 2a3d 8 paKe-
Aax (V) u paduauuoHHbim menaoebim usaydeHuem (RH)

Fig. 3. Correlation relationship between the volume of burn-
ing associated hydrocarbon gas in flares (V) and radiation
heat radiation (RH)
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PaccMOTPUM BO3MOXKHOCTb OIlpelle/ieHUs 005b-
eMOB CKHraeMoro B ¢akenax obbema IIOIYTHOTO
YIJIeBOLOPOJHOIO ra3a MyTeM OlLleHKH 06beMOB 3MH-
tupyemoro SO, u NO, B atmochepy.

Kak coobmaercst B pabore [7], cymecTByOT gBa
He3aBHCHMBIX METOAA oNpeneneHUs obbeMa CKHU-
raemoro B dakenax rasa nyTreMm OLleHKH 3MUCCUU
MaJIbIX Ta30B B aTMocdepy B KauecCTBe IPOAYK-
TOB CKMTAaHMs: MeTon Ha 6a3e OIeHKH SMHCCHHU
NO, u MeToJ, OCHOBAHHBIH Ha OlleHKe 3MHCCHUHU
SO,.

[IpUHIOUII MeTOLa OLeHKHU Ha 6ase sIMHCCUU NO,
COCTOMUT B TOM, 4YTO BLICOKOTeMIIepaTypHOe ropeHue
rasa npoussoguT NO u3 N,, HMeOILIerocs B aTMOC-
depe. B TedeHHe HECKOJIBKO MHUHYT NO, B3aUMOJeH-
CcTBYs ¢ O3, UMeIIUMCSI B Bo3ayxe, cosmaeT NO,.
[Ipu 3TOM KO3GPUIIUEHT 3MUCCUU C1abo 3aBUCHUT
OT OuaMeTpa CXKUraTeias, CKOPOCTH IIOTOKa rasa,
cocTaBa rasa. CylecTBYIOT pa3JIHM4YHBle OLIeHKHU
Ko3dpoduULIMeHTa fNO2 smuccuu NO,, KOTOpble HaXo-
matcs B mpefenax 1,35<fy, <1,75 (rp/m3). Ecnu B3STh
CpenHee 3HauveHHe KO3POHIIMEHTA SMUCCHH 3TOrO
rasa fy,, =1,56+0,2 rp/m3, To, cornacHo [7], o6bembI

CKUraemMoro rasa Vp MOXHO  BBIYHCIHTD
o popmyie:
E
Vf:fNoz’ (4)
NO,

rze: Ey,, ~ 06bem smuccuu NO,.

MeTon, OCHOBAaHHBIM Ha OLleHKe 3MHUCCHU SO,,
OIMpaeTCsd Ha TaKoe SBJIeHHe, YTO IIPU CKHIa-
HHUH YIJTIeBOOOPOAHOIO IIPUPOSHOTO rasa B OCHOB-
HOM IIPOHCXOSUT SMHUCCHS CEpPHOTO rasa B BHIE
H,S. Ilocsie OKHMCIeHUsI 3TOTO IIPOAYKTa BO3HHKAET
SO,. TakuM obpaszom, 3Has obveMbl sMuCCHH SO,,
KOJIMYeCTBO CKHUIAaeMOIo ra3a MOXKHO OIIpele/IUTh
o popmyie:

E, n
V=M’ (5)
f aHZS'MSOZ

rme: Mg, — MoJeKy/IsapHBbI Bec (64 rp/Mon);
n, — MOJsIpHBIN 06BeM mpu STP (0,022 M3/ mon);
&, s ~ OTHOIIeHHEe CMeNIMBaHUA (mixing
ratio) H,S B acCOLIMMPOBaHHBIM a3,

BenuyuuHa &, s U3SMEHSIETCS B IIpefienax 1,2% -2,6%.
To4YHOCTH OLIeHOK I10 popmynam (1), (2) MOKeT JOCTH-
ratb +40% [10].

C yuetoMm (4) u (5) ompefelMM KPHUTEPUH OTHOILIe-
HUS U3MepeHHBIX BeTUYHH Ey, U Eg, K pakenbHOMY
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1700-1800 K to gas burning. According to the VIIRS
method, the volume of the gas burned (V) was
determined by the formula.

V=0.0281'RH €))

where: RH is the radiative heat emission, Watts. At
the same time, V is measured in billions of cubic
meters. The correlation between V and RH is shown
in Fig. 3.

The RH indicator is determined by the formula:

RH=]-SP, @)

where: D is the indicator of nonlinear correction;
J is the radiative heat flux of the surface unit
(J is determined by the Stefan-Boltzmann equation:
J=0eT?); € is the integral emissivity of the flame; o
is the Stefan-Boltzmann constant; S is the surface
area of the flame.

The flame surface area is determined by the
formula:

Szﬂ-M, 3)

hd

where: h, is the maximum value on the Planck curve
corresponding to the flame (flare) radiation spectral
density; h; is the maximum mark on the detector
scale, which corresponds to the value of hy; M is
the area of the image of the flare on the sensitive
element of the detector.

As for the temperature of the flare T, the formula
T=b/Ay.y is used, where: b is the constant Wien
displacement; b=2897.8 K-pm; is the wavelength
corresponding to the wavelength of the maximum
radiation emission.

Let’s consider the possibility of determining the
volume of the associated hydrocarbon gas burned
in flares by estimating the volumes of SO, and NO,
emitted into the atmosphere.

As reported in [7], there are two independent
methods for determining the volume of gas burned
in flares by assessing the emissions of trace gases
into the atmosphere as combustion products:
a method based on the assessment of NO, emis-
sions and a method based on the assessment of SO,
emissions.

The principle of the NO, emission-based estima-
tion method is that high-temperature combustion
of gas produces NO from N, present in the atmo-
sphere. Within a few minutes, NO, interacting with
the O, present in the air, creates NO,. At the same
time, the emission coefficient weakly depends on
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CKUTAHHIO TIOIYTHOTO YIJIeBOLOPOAHOro rasa. Ms (4)
IIOTTY4YUM:

ENOZ = Vf 'fNo2 . (6)

U3 (5) monyuum:

@)

Torna mokasarens Y,, KOTOPBIE MOXKET ObITh UCIIONB-
30BaH B KayeCTBe KPUTEpPHUSl COOTBETCTBUSI M3MepeH-
HBIX BeUYUH Ey, U Eg, K IMHCCHH rasoB, BBIIEJISIO-
IIMXCS IIPA CKUTAHHHU IIOIIYTHOIO YIJIeBOLOPOLHOIO
rasa B ¢pakenax NpuMmeT BUL:

E f n,
Yo= ENOZ = EiNOZ‘M . 9)
S0, H,s *Viso,

C yuyeToM BBHIIIEH3/IOKEHHOIO MBI IIpefjiaraeM cie-
OYIOMHAN JJITOPUTM H3MepeHHd NO, u SO, U ompefe-
JIeHHUS MCTOYHHKA UX SMUCCUH.

1. OmpepeneHue ¢ IIOMOILBIO IIKPOMeTpPa, YCTAHOB-
JIEHHOTO Ha OOpTy CIIYTHHKA, obbeMa CKHTae-
Mmoro rasa Vy.

2. Beruncnenue Ey, u Eg, ¢ momomuipio popmyn (6)
U (7) COOTBETCTBEHHO.

3. Omnpenenenue ENOZ(OMI) U ESOZ(OMI) C IIOMOIIIBIO
coekrpopaguomerpa OMI, yCTaHOBJIIEHHOTIO
Ha CIIyTHHUKe.

4. Tposepka otHomeHus Ey, (OMI)/E, (OMI)=y Ha
BBIIIOJIHEHHE KPUTEPHUS Y =Y.

e Eomm y=y,, TOo BBIUMCIeHHBIe 3HA4YeHHs Ey,
u Eg, MOATBePXKAAIOTCS KaK 06beMbl IMHUCCUU
rasoB, BBIAEISIeMBIX IPU CKHUTAaHUHU IIOMYT-
HOTO yI/IeBOLOPOAHOIO rasa.

e Eomm y#y,, To BbIUHCIseTcs pasHULA AEy,
u AE,, , onipeziensieMast Kak:

AENO2 = ENoZ - ENoZ (OMI) , (10)

AE, =Eg, —Eqo, (OMI). 11)

OTU BEJIHWYUHBI I[IOKA3BIBAIOT, UYTO HCTOYHUKOM
OMHCCHH CTA/IU O 3e/IbHbIe IBHUTATeIH.

3AK/TIOYEHUE
ITpenyoskeH criocob orpeziesieHUsI 06BEMOB SMHUCCHHU
ra3oB NO, u SO, B aTmochepy HOpHU CKUTAHUHU IIOIYT-

=

the burner diameter, the gas flow rate, and the com-
position of the gas. There are various estimates of
the coefficient fy, of NO, emission, which are in the
range of 1,35<fy, <1,75 (g/m?3). If we take the aver-
age value of the emission coefficient of this gas
fxo,=1.56+0,2 g/m3, then according to [7], the vol-
umes of the burned gas Vi can be calculated by the
formula

Vf _ ENo2 ’
f NO,

where: E,,, is the volume of NO, emission.

The method based on the assessment of SO, emis-
sions relies on the phenomenon that during the
combustion of hydrocarbon natural gas, sulfurous
gas is mainly emitted in the form of H,S. After the
oxidation of this product, SO, occurs. Thus, knowing
the volume of SO, emissions, the amount of com-
bustible gas can be determined by the formula:

(4)

-n

Vo=—2 (5

f Eest 'MSOZ
where My, : is the molecular weight (64 g/mol);
n, is the molar volume at STP STP
(0,022 m3/mol);
&, s is the mixing ratio of H,S into the
associated gas.

The value of @, ¢ varies within the range of 1.2% to
2.6%. The accuracy of the estimates according to the
formulas (1), (2) can reach + 40% [10].

Taking into account (4) and (5), we determine the
criterion of the ratio of the measured values E,, and
E, to the flaring of the associated hydrocarbon gas.
From (4) we get:

Exo, = Vf ‘fNoz . (6)

From (5) we get:

EsoZ = Vf s .MS_OZ . )
nﬂ
Then the indicator y,, which can be used as the fit-
ting criterion of the measured values E,, and E, to
the emission of gases released during the flaring of
the associated hydrocarbon gas, will take the form
of:

v, = ENoZ _ fNoZ N, (9)
° Eso2 ast'l\/lsoZ '

Taking into account the above, we propose the
following algorithm for measuring NO, and SO, and
determining the source of their emission.
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HOT'0 YIJIEBOAOPOAHOIO rasa. I peayil3aliviy IIpeajio-
SKEHHOTO CI110c06a MO>KeT ObITh HCII0/Ib30BaH HOPTOBOM
HK-crieKTpopagrioMeTp U 6OPTOBOM CIIEKTPOPAIHO-
MeTp Tuna OMI MIH 100608 WHOHM aHAJIOTHYHBIN ITPH-
6op. HcxomHble 3HAUeHUS SMUTHPyeMbIX 06beMoB NO,
U SO, OIpenensIoT, UCIIO0/Ib3ysl U3BECTHBIE Pe3y/bTaThl
BBIYHC/IEHUI 06BbeMOB C’KUTaeMOro IOIIyTHOIO yITIeBO-
JopomHoro rasa. IlpemBapuTeNnbHO OIIpefeNnseTcs
BBIITOJTHUMOCTb KPUTEPHS COOTBETCTBUS HM3MEPEHHBIX
BeMTUYMH Ey, U Ey, K SMHCCHH I'a30B, BBIAEISIONIHXCS
IIPpU CKUTAaHUM IIOIYTHOTO YIJI€BOAOPOAHOrO rasa
B ¢daxenax. Ilo mpu3HakaM IIpUHAIIEKHOCTH HCTOY-
HUKOB 3MHUTHpyeMbIXx 06beMoB NO, u SO, K daxeny
CKUTaHMS IIOIYTHOrO YIJIEBOJOPOJHOIO rasa MU
K paboTe [M3elbHBIX ABUTaTelel pe3y/lbTaThl H3Mepe-
HUM o6veMoB NO, u SO, JanyT BKIAL B MOHUTOPHHT
HedTerasonpor3BoACTBEHHBIX 30H, I[e HabMogaroTcs
CyIIeCTBeHHble aHOMa/JMH KOHLEHTPALIMH MaJbIX
rasos.
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1. Determination by means of a pyrometer installed
on board the satellite, of the volume of the
burned gas Vy.

2. Calculation of Ey, and E,, using formulas (6)
and (7), respectively.

3. Determination of ENOZ(OMI) and ESOZ(OMI) using
the OMI spectroradiometer installed on the
satellite.

4. Checking the ratio Ey, (OMI)/E, (OMI)=y to
tulfill the criterion y=y,.

« If y=y,, then the calculated values of Ey,
and E,, are confirmed as the volumes of
emissions of gases released during the
associated hydrocarbon gas flaring.

« If y#y,, then the difference between AEy,
and AE,,, is calculated, to be determined as:

AEyo, = Exo, = Eyo, (OMI), (10)

AEg,, =Eq, —Eqo, (OMI). (11)
These values show that diesel engines have become

the source of emissions.

CONCLUSION

A method for determining the volume of emissions of
gases NO, and SO, into the atmosphere during the
combustion of the associated hydrocarbon gas is
proposed. To implement the proposed method, an
on-board IR spectroradiometer and an on-board OMI-
type spectroradiometer or any other similar device can
be used. The initial values of the emitted volumes of
NO, and SO, are determined using the known results
of calculations of the volumes of associated
hydrocarbon gas burned. The satisfiability of the
fitting criterion of the measured values Ey, and E;, to
the emission of gases released during the flaring of
the associated hydrocarbon is preliminarily
determined. Based on belonging of the sources of
emitted volumes of NO, and SO, to the associated
petroleum gas flaring or to the operation of diesel
engines, the results of measurements of the NO, and
SO, volumes will give a contribution to the monitoring
of the oil-and-gas production zones, where there are
significant anomalies in the concentration of the
trace gases.
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